Objective: To establish a standard for expected growth of premature infants and generate Z-scores based on the standard.
Introduction
Early infant growth has traditionally been monitored by the three parameters of weight, head circumference, and length. Growth charts have been established for the term infant from birth through early childhood demonstrating normal weight, head circumference, and length values for each month of life. 1 The American Academy of Pediatrics Committee on Nutrition 2 and the Nutrition Committee of the Canadian Paediatric Society 3 state that growth and nutrient retention of premature infants should be similar to that which would have been achieved had the infant remained in utero.
However, growth standards for premature infants have not been established. In the developing fetus, growth and organ development are marked by each week of gestation. Although weight, head circumference, and length are physical measurements, determining an accurate gestational age is more difficult.
Gestational age is the time elapsed between the first day of the mother's last menstrual period (LMP) and the day of delivery, expressed in completed weeks. 4 The first day of the menstrual period occurs approximately 2 weeks before ovulation. When assisted reproductive techniques are used, gestational age is equal to the time between the day of fertilization and the day of delivery, plus 2 weeks. Other ways to estimate gestational age are to measure fetal biparietal diameter in the second-trimester with ultrasound [5] [6] [7] and by the postnatal physical examination. 8 An infant born before 37 completed weeks of gestation is preterm, very preterm if <32 weeks, and extremely preterm if <28 weeks. Postmenstrual age, which is used to describe the age of a neonate in the neonatal intensive care unit (NICU), is the gestational age plus the infant's chronological age.
Battaglia and Lubchenco 9 were the first to classify newborns as SGA, AGA, and LGA (small, appropriate, and large for gestational age). SGA specifies infants with birth weight below the 10th percentile, AGA specifies infants with birth weight between the 10th and 90th percentile, and LGA specifies infants with birth weight above the 90th percentile. However, these classifications depend on which growth chart is being used to define the 10th and 90th percentiles. In 1995, an expert committee of the World Health Organization 10 recommended using the gender-specific birth weight curves reported by Williams 11 for classifying premature infants as SGA, AGA, or LGA. However, Riddle et al. 12 reported that Williams' curves do not describe the infants from the NICU at Vanderbilt University Medical Center. The purpose of this analysis is to establish a standard for expected values for weight, head circumference, and length of premature infants, then to generate Z-scores from the 10th, 50th, and 90th percentiles of these standards.
Previous growth curves
We have examined and compared 38 published growth curves of preterm infants and selected 9 growth curves for illustration. For many years, the growth charts provided by Mead-Johnson (Glenview, IL, USA), Babson, 15 and Usher 44 have been used to track growth in NICUs. However, these studies lacked cultural diversity, had small numbers of infants with gestational ages <28 weeks, and lacked precision in estimating gestational age. Williams et al., 11 Alexander et al., 13 Yudkin et al., 46 Fenton, 22 Thomas et al., 42 and Riddle et al. 12 have presented data from more diverse populations that encompassed lower gestational ages. The source and number of infants, time periods of birth, and the method for determining gestational age for these nine studies are summarized below.
Mead-Johnson growth chart. The Mead-Johnson growth chart shows the 10th, 50th, and 90th percentiles for birth weight from 25 to 42 weeks, for head circumference from 27 to 42 weeks, and for length from 27 to 42 weeks. This chart is based on the data reported by Lubchenco et al. 36, 37 Lubchenco obtained data from 5635 Caucasian infants admitted to the Colorado General Hospital Full-Term and Premature Infant Nurseries in Denver, CO for the years from 1948 through 1960. Gestational age was based on the LMP. There were 1857 infants with gestational ages from 24 to 37 weeks, including 191 infants with gestational ages <28 weeks. The 10th, 50th, and 90th percentiles for birth weight, head circumference, and length values were measured from the chart.
Babson and Benda growth chart. The growth chart by Babson and Benda 15 shows means and standard deviations for birth weight, head circumference, and length from a gestational age of 26 weeks to 1 year of age. For the newborns, Babson obtained data from mostly Caucasian infants born in Emanuel and Good Samaritan Hospitals in Portland, OR for the years from 1959 through 1966. 48 There were 39 743 infants with gestational ages from 27 to 44 weeks, including 3381 infants with gestational ages from 27 to 37 weeks. There were 30 infants with gestational ages <28 weeks and gestational age was based on the LMP. Mean and standard deviation values for birth weight, head circumference, and length were measured from the chart. The means (m) and standard deviations (s) were converted into percentiles with the 50th percentile equal to m, the 10th percentile equal to mÀ1.282s, and the 90th percentile equal to m þ 1.282s. Yudkin birth weight and head circumference percentiles. Yudkin et al. 46 obtained values for birth weight and head circumference from mostly Caucasian infants born between 1978 and 1984 at the John Radcliffe Hospital in Oxford, UK. After excluding infants with major congenital malformations, there were 20 487 live born infants with gestational ages from 24 to 42 weeks. There were 2133 infants with gestational ages from 22 to 37 weeks, including 80 infants with gestational ages <28 weeks. Gestational age was initially estimated from the LMP. Whenever the estimate gestational age from early ultrasounds differed from the LMP gestational age by more than 14 days, the ultrasound date was used. For infants <2000 g, gestational age was assessed by the pediatric examination. 49 If the pediatric exam date differed by more than 21 days from the previously estimated gestational age, the pediatric exam date was used. Yudkin provided a table containing the number of subjects, standard deviations, and smoothed 3rd, 10th, 50th, 90th, and 97th percentiles for birth weight and head circumference at each gestational age.
Fenton growth chart. The growth chart published by Fenton 22 shows the 3rd, 10th, 50th, 90th, and 97th percentiles of birth weight, head circumference, and length for gestational ages from 22 to 50 weeks. The newborn birth weight curves were based on the results from Kramer et al. 34 The newborn head circumference and length curves were based on the results reported by Niklasson et al. 40 and Beeby et al. 17 The 10th, 50th, and 90th percentiles for birth weight, head circumference, and length values were measured from the chart. Kramer 34 obtained birth weights for infants born between 1994 and 1996 in all of the Canadian provinces and territories (exception Ontario). There were 675 909 infants with gestational ages from 22 to 43 weeks, including 76 764 infants with gestational ages from 22 to 37 weeks and 1939 infants with gestational ages <28 weeks. Gestational age was obtained from the birth certificate records. Kramer assumed that ultrasound was used in estimating gestational age, but observed a convex 'bump' at 27 to 33 weeks that was attributed to misclassified gestational ages. Corrected and smoothed 3rd, 5th, 10th, 50th, 90th, 95th, and 97th percentiles were reported for male and female infants.
Niklasson 40 obtained 358 835 head circumference and 361 502 length measurements from the Swedish Medical Birth Registration Programme for the years 1977 through 1981. Niklasson provided third-order polynomials for means and standard deviations for male and female infants with gestational ages from 29 through 42 weeks, but did not provide the number of infants at each gestational age. Gestational age was based on the LMP and obstetrical assessment. Ultrasound was increasingly used for dating during the time period of Niklasson's data collection.
Beeby 17 obtained 27 767 head circumference and 26 273 length measurements for the years 1982 through 1995 from the obstetricneonatal database at King George V Memorial Hospital for Mothers and Babies in Camperdown, Australia. These infants had gestational ages from 22 to 43 weeks. Beeby provided 3rd, 10th, 50th, 90th, and 97th percentiles for 5160 head circumference and 3395 length measurements for male and female infants with gestational ages from 22 to 37 weeks. There were 388 head circumference and 139 length measurements with gestational ages <28 weeks. Gestational age was based on a first-trimester ultrasound (when available) or the LMP.
Thomas percentiles. Thomas 42 obtained values for race, gender, estimated gestational age, birth weight, head circumference, and length for 27 229 neonates from eighty-five Pediatrix Medical Group hospitals in the United States for the years from 1995 through 1998. Thomas plotted the 10th, 50th, and 90th percentiles for birth weight, head circumference, and length for gestational ages from 23 to 42 weeks, but did not provide the number of infants at each gestational age. Race was based on the mother's race (Black, White, Hispanic, Native American, Asian, or other). Estimated gestational age was assigned by a neonatologist based on obstetrical history, prenatal ultrasounds, and the postnatal physical examination. 8 The 10th, 50th, and 90th percentiles for birth weight, head circumference, and length values were measured from the graphs.
Riddle percentiles and best-fit equations. Riddle 12 showed the 3rd, 5th, 10th, 15th, 25th, 50th, 75th, 85th, 90th, 95th, and 97th percentiles and best-fit equations for birth weight, head circumference, and length from infants that were admitted in the first 24 h after birth to the NICU at Vanderbilt University Medical Center in Nashville, TN for the years from 1985 through 1997. During this time period Vanderbilt served as the regional referral center for all preterm births within a 150 mile radius. This cohort was 55% male, 76% Caucasian, 18% African American, and 6% other races. There were 7425 birth weight values, 6664 head circumference values, and 6564 length values from infants with gestational ages from 22 to 37 weeks. There were 889 birth weights, 778 head circumference values, and 751 length values with gestational ages <28 weeks. Gestational age was assigned by the admitting neonatologist based on obstetrical history, prenatal ultrasounds, and the postnatal physical examination. 8 Race was based on the mother's race. As the measures of central tendency (means and medians) for birth weight, head circumference, and length were equivalent at each week of gestation, the data were considered to be normally distributed. Table 1 contains the number of infants, means, standard deviations, 10th, 50th, and 90th percentiles for birth weight, head circumference, and length at each gestational age.
Mathematical models are used to summarize and smooth data. Riddle evaluated several mathematical models:
After evaluating the mathematical models with Akaike and Bayesian Information Criteria, the best model for birth weight was determined to be an exponential function and the best models for head circumference and length were determined to be linear functions with a zero intercept. The percentiles for birth weight (in grams) were described with the following function:
where variable GA is gestational age in weeks, constant A has units of grams, and constant B is the growth velocity for weight in units of grams per day per kilogram of body weight. The percentiles for head circumference and length (in cm) were described with the following functions:
where variable GA is gestational age in weeks, constant C is the growth velocity for head circumference in cm per week, and constant D is the growth velocity for length in cm per week. The constants and correlation coefficients (r) of the regressions for the 10th, 50th, and 90th percentiles for birth weight, head circumference, and length, determined with PSI-Plot (Poly Software International, Pearl River, NY, USA), are listed in Table 2 .
The report from the American Academy of Pediatrics Committee on Nutrition 2 states that caloric intakes of 120 kcal kg À1 per day enables most low birth weight infants to achieve satisfactory rates of growth with growth velocities of 15 g/kg/day. On the basis of the growth velocities in Table 2 , 15 g/kg/day is less than the growth velocity for SGA infants.
Methods

Calculating growth velocity
With exponential growth, the logarithm of weight results in a linear function whose slope is equal to the growth velocity. The growth velocity (GV) between two different days, in terms of g/kg/day, can be determined with the following equation:
where W1 is the weight (in grams) at the first day (D1) and W2 is the weight at the second day (D2). This equation is equivalent to the equation described by Patel et al. 50 The calculated weight at day D, using exponential growth and the growth velocity calculated with Equation (4) is equal to
Z-scores
Investigators have used t-statistics, w 2 statistics, Fisher's exact test, analysis of variance, and multivariable logistic regression models to evaluate relationships between measurements and Z-scores.
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The Z-score is a dimensionless quantity generated by subtracting a Generating expected growth curves WR Riddle and SC DonLevy population mean (m) from the raw value (x), then dividing by the population standard deviation (s).
The Z-score indicates how many population standard deviations the raw value is from the population mean. For a normally distributed variable, the 50th percentile is equal to m, the 10th percentile is equal to mÀ1.282s, and the 90th percentile is equal to m þ 1.282s. Bose et al. 51 and Martin et al. 56 used the 50th percentiles and standard deviations reported by Yudkin et al. 46 to generate weight Z-scores for preterm infants. Madden et al. 54 used mean and standard deviations reported by Usher and McLean 44 to calculate weight Z-scores for premature infants.
The standard deviation, in terms of the 10th and 90th percentiles (s.d. 10À90 ), is equal to
where P10 and P90 are the 10th and 90th percentiles. The Z-score, in terms of the 10th, 50th, and 90th percentiles, is equal to
The calculated Z-score provides standardization of data and allows for data comparison. When a population is normally distributed, the Z-scores can also be expressed as a percentile rank.
Comparing studies
Multiple regression and analysis of variance 57 were used to compare the 10th, 50th, and 90th percentiles from different studies. This method determines best-fit equations for the individual datasets and evaluates whether the slopes and intercepts of the equations are statistically different. If the slopes and intercepts are not significantly different, then the studies are considered coincident. This technique does not compare individual points, but evaluates whether the values can be described with the same best-fit equation. Table 3 shows the comparison between the 10th, 50th, and 90th percentiles from Mead-Johnson, Babson, Williams, Alexander, Usher, Yudkin, Fenton, and Thomas with those reported by Riddle with a P-value of 0.05. On the basis of these comparisons, the growth charts from Mead-Johnson, Babson, Williams, Alexander, Usher, Yudkin, and Fenton are not coincident with the values reported by Riddle. Gestational age for these studies was based on the mother's LMP. The growth curves from Thomas and the values reported by Riddle are statistically coincident. Estimated gestational age for these studies was assigned by a neonatologist based on obstetrical history, prenatal ultrasounds, and the postnatal physical exam. Figure 1 shows the 10th, 50th, and 90th percentiles for birth weight from Mead-Johnson, Babson, Williams, Alexander, Usher, Yudkin, Fenton, Thomas, and the best-fit equations using Equation (1) . Figure 2 shows the 10th, 50th, and 90th percentiles for head circumference and length from Mead-Johnson, Babson, Fenton, Thomas, and the best-fit equations using Equations (2) and (3).
Results
Discussion
Since the multiracial values for birth weight, head circumference, and length from the NICU at Vanderbilt University Medical Center are statistically coincident with the multiracial data from the can be entered into a spreadsheet program or a computerized health records system to graph the subject's values, generate the expected growth curves, and generate Z-scores. Z-scores can also be used to validate the manually entered values for weight, head circumference, and length. A Z-score of ± 2.0 indicates that the entered value is outside 95.45% of the expected value, a Z-score of ± 3.0 indicates that the entered value is outside 99.73% of the Generating expected growth curves WR Riddle and SC DonLevy Figure 2 The 10th, 50th, and 90th percentiles for head circumference (triangles) and length (circles) from Mead-Johnson, Babson, Fenton, Thomas, and the 10th, 50th, and 90th percentiles from Equations (2) and (3) (2) and (3). (c) Z-scores for weight, head circumference, and length using Equation (8) . Weight measurements were from 32 to 36.14 weeks. Head circumference and length measurements were at 32.43 and 34.43 weeks. In (d), the horizontal line at 1765 g indicates the birth weight and the patient took 13 days to regain birth weight. The growth velocity between days 13 and 27 calculated with Equation (4) (2) and (3). (c) Z-scores using Equation (8) . In (d), the horizontal line at 1820 g indicates the birth weight and the patient took 12 days to regain birth weight. The growth velocity between days 11 and 23 calculated with Equation (4) was 16.12 g/kg/day. The dashed line from days 11 to 28 indicates the calculated weight using Equation (5) and the weights at days 11 and 23 (open circles).
expected value, and a Z-score of ± 4.0 indicates that the entered value is outside 99.99% of the expected value.
To demonstrate using the regression equations to generate expected growth curves and Z-scores, postmenstrual age and anthropometric values from three NICU subjects with birth weights above the 50th percentile were selected. Figure 3 shows a subject who had a gestational age of 25 weeks, a birth weight of 780 g, and weekly values for weight, head circumference, and length. The weight was in the 60th percentile at birth, the 11th percentile at day 28, the 7th percentile at day 49, and the 9th percentile at day 84. The growth velocity between days 49 and 77 was 15.67 g/kg/day. Figure 4 shows a subject who had a gestational age of 32 weeks and a birth weight of 1765 g. Weight was recorded daily for 29 days whereas head circumference and length were recorded at days 3 and 17. The subject lost 5.7% of its birth weight after 5 days and took 13 days to regain birth weight. The weight was in the 61st percentile at birth, the 32nd percentile at day 5, the 25th percentile at day 13, and the 18th percentile at day 29. The growth velocity between days 13 and 27 was 12.78 g/kg/day. Figure 5 shows a subject who had a gestational age of 31 weeks and a birth weight of 1820 g. Weight was recorded daily for 28 days, but head circumference and length values were not available. The subject lost 12.3% of its birth weight after 4 days and took 12 days to regain birth weight. The weight was in the 88th percentile at birth, the 53rd percentile at day 4, the 52nd percentile at day 12, and the 49th percentile at day 28. The growth velocity between days 11 and 23 was 16.12 g/kg/day.
In summary, the regression equations for the 10th, 50th, and 90th percentile for weight, head circumference, and length provide expected growth of premature infants. The equations can be used to generate expected growth curves and Z-scores for weight, head circumference, and length of premature infants.
